Physiological stimuli activate protein kinases for finite periods of time, which is critical for specific biological outcomes. Mimicking this transient biological activity of kinases is challenging due to the limitations of existing methods. Here, we report a strategy enabling transient kinase activation in living cells. Using two proteinengineering approaches, we achieve independent control of kinase activation and inactivation. We show successful regulation of tyrosine kinase c-Src (Src) and Ser/Thr kinase p38α (p38), demonstrating broad applicability of the method. By activating Src for finite periods of time, we reveal how the duration of kinase activation affects secondary morphological changes that follow transient Src activation. This approach highlights distinct roles for sequential Src-Rac1-and Src-PI3K-signaling pathways at different stages during transient Src activation. Finally, we demonstrate that this method enables transient activation of Src and p38 in a specific signaling complex, providing a tool for targeted regulation of individual signaling pathways.
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kinase | signaling | phosphorylation | synthetic biology | Src M any physiological and pathological processes are regulated by protein kinases. Therefore, dissection of kinase functions helps to uncover molecular mechanisms and guides the development of new therapeutic strategies (1) . However, progress in our understanding of kinase-mediated signaling is often hampered by the limitations of available tools (2) . Pharmacological inhibitors of kinases have been valuable for the study of kinase functions, but they often do not provide the desired specificity and they are not available for the majority of kinases (1, 3) . Also, the application of inhibitors is limited to the identification of processes affected by the inactivation of the kinase. Activation of a kinase is often achieved by the treatment of cells with growth factors or other extracellular stimuli. However, this approach triggers a multitude of parallel signaling pathways, which significantly complicates the analysis of individual kinase functions (4) . Specific activation or inactivation of a kinase can be achieved by genetic modifications. However, this method is susceptible to compensatory artifacts and does not allow us to control the level and timing of kinase activation. Thus, development of novel tools that combine high specificity and tight temporal control of kinase activity remains a necessity. Under physiological conditions, kinases are activated for a finite period, and the duration of this activation is critical for eliciting specific biological outcomes (5, 6) . Therefore, to mimic the biological activity of a kinase we need to use methods that allow for transient activation of a kinase with precise temporal control. An optogenetic approach has been successfully used for transient regulation of Raf kinase by dimerization (7). However, this method relies on the fact that Raf dimerization is required for its activation and thus has limited applicability to other kinases. Therefore, development of broadly applicable methods for tightly controlled transient activation of a specific kinase remains an important goal.
To achieve efficient and specific control of kinase activation and inactivation, we combined two protein-engineering strategies. Kinase activation was regulated using a recently developed protein-engineering method that employs a rapamycin-regulated allosteric switch, the iFKBP (a portion of the FKBP12 protein) domain (8) . This strategy provides high specificity and temporal control of kinase activation in living cells. However, this approach results in persistent activation of a kinase without the ability for defined inactivation. To achieve independent control of kinase inactivation, we used a strategy developed by Shokat and colleagues that employs a functionally silent mutation that sensitizes the kinase to an allele-specific inhibitor, 1-Naphthyl-PP1 CAS 221243-82-9 (1NA-PP1) (9) (10) (11) (12) (13) (14) (15) (16) (17) . We hypothesized that the combination of these two methods will enable the transient activation of the engineered kinase. We used c-Src (Src) and p38α (p38) kinases as models to test this hypothesis, optimize the method, and demonstrate its applicability to different types of kinases. Using this approach, we dissected signaling mediated by transient activation of Src and found that the same pathways play different roles during persistent Src activation.
Results

Engineering Src Kinase with Independent Activation and Inactivation
Controls. To activate Src, we used an engineered RapR-Src kinase construct that can be activated in living cells by addition of rapamycin or its nonimmunosuppressive analogs (8, 18, 19) . RapR-Src contains a Tyr529-to-Phe mutation making it insensitive to inhibitory regulation by endogenous factors (8, 19) . Introduction of this mutation in wild-type (WT) Src prevents inhibitory phosphorylation by Csk kinase, leading to generation of a constitutively active Src (20) . In the context of RapR-Src, this property enables us to control Src activity only through engineered components. To gain independent control of kinase inactivation, we introduced a Thr338-to-Ala mutation in RapRSrc. The equivalent mutation (I338A) renders v-Src sensitive to 1NA-PP1 inhibitor (9, (15) (16) (17) . Thus, we hypothesized that the T338A mutant of RapR-Src (RapR-Src-as2) would be sensitive Significance Nearly all eukaryotic physiological events are regulated by protein kinases. Aberrations in functions of kinases are linked to numerous diseases. Significant progress has been made in dissecting the role of many kinases. However, understanding how specific kinases orchestrate complex signaling events remains challenging. Here we present a method to control the timing and the duration of kinase activity. This system provides the ability to mimic physiologically relevant transient activation of a kinase. We demonstrate the specificity and efficiency of this method by regulating tyrosine kinase (c-Src) and serine/ threonine kinase (p38α). By using this approach, we identify morphological changes induced by transient activation of Src and demonstrate the role of sequential Src-PI3K and Src-Rac1 signaling in regulation of cell morphology.
to 1NA-PP1 inhibition and reverse rapamycin-induced activation (Fig. 1A) . Indeed, RapR-Src-as2 is activated by rapamycin, and subsequent 1NA-PP1 treatment efficiently inhibits its activity (Fig. 1B) .
RapR-Src-as2 activation, however, was not as robust as activation of RapR-Src (Fig. 1B) . This is consistent with previous observations where a similar reduction in catalytic activity was reported for analog-sensitive mutants of v-Src (21) . We therefore sought to improve the catalytic activity of RapR-Src-as2 by modifying our approach for kinase activation. Prior studies suggested that iFKBP inactivates RapR-Src by increasing conformational dynamics of the catalytic domain, whereas the interaction with rapamycin and FRB (FKBP rapamycin binding domain) stabilizes RapR-Src and rescues its activity (8) . Decreased activity of RapR-Src-as2 suggested that the T338A mutant may further destabilize the RapR-Src catalytic domain, thus reducing its affinity for rapamycin and/or FRB. We hypothesized that tighter binding of FRB to iFKBP would stabilize RapR-Src-as2 and improve its catalytic activity. The iFKBP domain was initially engineered by deletion of the first 15 amino acids of FKBP12 that comprise an additional β-strand in the structure (8) (SI Appendix, Fig. S1A ). We predicted that the addition of these residues to the N terminus of FRB might enhance the interaction between FRB and iFKBP, leading to improved activation of RapR-Src and RapR-Src-as2 (SI Appendix, Fig. S1A ). FRB bearing the first 15 amino acids of FKBP12 at the N terminus (iPEP-FRB) dramatically improved activation of RapR-Src-as2 (Fig. 1C) . Addition of iPEP to FRB significantly improved binding to RapR-Src-as2 and resulted in higher kinase activity at lower rapamycin concentrations (SI Appendix, Fig. S1B ), suggesting that T338A mutation affected RapR-Src-as2 activity by reducing affinity to rapamycin and/or FRB. In addition, iPEP-FRB was able to activate unmodified RapR-Src at lower doses of rapamycin than FRB without the iPEP, (SI Appendix, Fig. S1C ), further supporting our hypothesis that iPEP improves interaction between FRB and iFKBP. Importantly, RapR-Src-as2 was still efficiently inhibited by 1NA-PP1 (Fig. 1C) . Thus, we chose to use RapR-Src-as2 and iPEP-FRB for our studies because this newly engineered system enables both the robust activation and inactivation of Src signaling. We chose to use 500 nM rapamycin to ensure efficient activation of RapR-Src-as2 and to keep our experiments consistent with previously published studies (8, 19) .
Next, we characterized the efficiency and the selectivity of RapR-Src-as2 regulation in vitro and in living cells. An in vitro analysis revealed complete inactivation of RapR-Src-as2 at concentrations of 1NA-PP1 as low as 50 nM (SI Appendix, Fig. S2A ). Importantly, similar doses of 1NA-PP1 did not affect the activity of nonmodified RapR-Src or a constitutively active mutant of c-Src (SI Appendix, Fig. S2 B and C). Activation of RapR-Src-as2 in living cells led to a dramatic increase in phosphorylation of the endogenous Src substrate paxillin and an increase in the level of tyrosine phosphorylated proteins (Fig. 1D ). RapR-Src-as2 was overexpressed at a two-to threefold higher level than endogenous Src (SI Appendix, Fig. S3A ). A substantial reduction in phosphorylation was observed upon addition of 250 nM and 500 nM 1NA-PP1, indicating efficient inactivation of RapR-Src-as2 ( Fig. 1D and SI Appendix, Fig. S3B ). Importantly, similar concentrations did not reduce the activity of unmodified RapR-Src, verifying the selectivity of 1NA-PP1 toward the analog-specific mutant ( Fig. 1D and SI Appendix, Fig. S3B ). Inactivation of RapR-Src-as2 was fast. Treatment with 1NA-PP1 for only 5 min reduced protein phosphorylation to the levels preceding Src activation (Fig. 1D ). Phosphorylation levels of paxillin and p130Cas and total protein phosphorylation remained at the same reduced levels for at least 1 h after addition of 1NA-PP1 ( Fig. 1D and SI Appendix, Fig. S3C ), indicating sustained inactivation of RapR-Srcas2. These data demonstrate efficient regulation of Src activity in vitro and in living cells using RapR-Src-as2 and iPEP-FRB. Transient Regulation of Src Activity in Specific Signaling Complexes.
RapR-Src can be activated in specific protein complexes when the FRB domain is fused to a selected protein using the "rapamycin-regulated targeted activation of pathways" (RapRTAP) method (19) , which enables activation of individual signaling pathways downstream of Src. However, subsequent inactivation of these pathways was not achievable with the RapRTAP approach. Therefore, we evaluated whether RapR-Src-as2 could be used to turn on and off Src activity in a specific complex. Targeted activation of Src in complex with its known binding partner and substrate, paxillin, was used as the model (SI Appendix, Fig.  S4A ). Association of Src with other proteins is primarily mediated by domains N-terminal to its catalytic domain (SH2, SH3, SH4) (22, 23) . To prevent Src interaction with endogenous binding partners, we used only the catalytic domain of RapRSrc-as2 (RapR-SrcCat-as2). This approach limits Src signaling to only the paxillin complex. iPEP-FRB was added to the N terminus of paxillin to mediate binding and activation of RapRSrcCat-as2 (SI Appendix, Fig. S4A ). Targeted activation of RapRSrcCat-as2 induced phosphorylation of iPEP-FRB-paxillin (SI Appendix, Fig. S4 B and C) , and subsequent addition of 1NA-PP1 led to its dephosphorylation (SI Appendix, Fig. S4 B and C) . Thus, RapR-SrcCat-as2 can be used for activation and inactivation of Src-mediated signaling in specific protein complexes.
Engineered Transient Activation of p38 Kinase. To explore the general applicability of this method, we tested whether we could transiently activate a Ser/Thr kinase. We previously demonstrated activation of p38 using the RapR method (8) . To achieve independent control of inactivation, we mutated residue Thr106 to an Ala in RapR-p38, generating RapR-p38-as2. To our knowledge, analog-sensitive p38 has not been generated previously, and its inhibition by 1NA-PP1 has not been demonstrated. Activation and inactivation of RapR-p38-as2 was tested in vitro using purified ATF-2, a known p38 substrate (8, 24) . The in vitro kinase assay shows that RapR-p38-as2 activity was specifically inactivated by 1NA-PP1 (Fig. 1E) . Importantly, activity of RapR-p38 and WT p38 was not affected using similar concentrations of 1NA-PP1 (SI Appendix, Fig. S5 ). Activation of RapR-p38-as2 in living cells led to elevated levels of phosphorylated ATF2, whereas subsequent inactivation reduced ATF2 phosphorylation (SI Appendix, Fig. S6A ). These results demonstrate successful transient activation of engineered p38 in vitro and in living cells and suggest that this tool can be applied for regulation of both Tyr and Ser/Thr kinases. To demonstrate targeted regulation of RapR-p38-as2 in living cells, we generated an ATF2 construct bearing iPEP-FRB at the N terminus (iPEP-mVenus-FRB-ATF2). Treatment of cells with rapamycin induced binding of RapR-p38-as2 to the engineered ATF2 and stimulated its phosphorylation. Addition of 1NA-PP1 resulted in a significant reduction in phospho-ATF2 levels (SI Appendix, Fig. S6B ). These results demonstrate transient activation of p38 in complex with ATF2 in living cells.
Regulation of Morphological Changes Using Transient Stimulation of
Src. Previously developed technologies did not allow us to assess the effect of transient Src activation on cell morphological changes. We can overcome this limitation by using RapR-Srcas2. Therefore, we evaluated how activation and inactivation of RapR-Src-as2 affects Src-induced cell morphological changes. Prior studies demonstrated that RapR-Src localization is not perturbed by the engineered modification (19) . RapR-Src-as2 also exhibited similar localization patterns to RapR-Src and WT Src. Inactive Src localized primarily to the perinuclear area, whereas activation of Src stimulated its translocation to the plasma membrane and focal adhesions (SI Appendix, Fig. S7 ). Sustained activation of RapR-Src-as2 in HeLa cells induced robust cell spreading and transient stimulation of protrusive activity ( Fig. 2 A and B and SI Appendix, Figs. S8 and S9A) in agreement with our previously published results (8, 19) . A substantial increase in paxillin phosphorylation was detected 5 min after addition of rapamycin, indicating fast activation of RapRas2 in living cells (SI Appendix, Fig. S9B ). Treatment with 1NA-PP1 after rapamycin resulted in an immediate reduction in cell area and inhibition of protrusive activity (Fig. 2 A and B and Movie S1). By adding 1NA-PP1 at different time points after Src activation, we were capable of inducing Src-mediated cell spreading and protrusive activity for different periods of time ( Fig. 2 A and B and SI Appendix, Fig. S8 C-E ). These results demonstrate the capability of our approach to regulate the extent and duration of Src-mediated morphological changes. Treatment of cells expressing RapR-Src-as2 with DMSO (solvent control) (SI Appendix, Fig. S8A ) or treatment of cells expressing unmodified RapR-Src with 1NA-PP1 (SI Appendix, Fig. S8B ) did not affect Src-induced cell-area changes, indicating that the reversal of morphology was specific to inactivation of RapR-Src-as2.
Inactivation of RapR-Src-as2 by 1NA-PP1 reversed Srcinduced phenotypes. However, initial reduction in cell area and protrusive activity was followed by a slow and steady cell spreading and increased protrusive activity (Fig. 2 A and B and SI Appendix, Figs. S8D and S9A ). These secondary morphological changes were not caused by restoration of RapR-Src-as2 activity after inactivation ( Fig. 1D and SI Appendix, Fig. S3C ). Additionally, the extent of secondary changes depended on the duration of Src activation. Activation of RapR-Src-as2 for 15 min was followed by significantly faster cell spreading and greater protrusive activity than stimulation for 5 or 35 min (SI Appendix, Figs. S8 C-E and S9 C and D). Thus, using this methodology for controlling the duration of kinase signaling, we identified optimal conditions for the induction of specific morphological changes independent of continuous kinase activation.
Dissecting Src-Mediated Signaling Pathways Using Engineered
Transient Activation of Src. Our results suggest that transient Src activation induces additional signaling pathways capable of stimulating slow cell spreading and protrusive activity independently of Src activity. Slow spreading that follows transient Src activation could be mediated by an increased formation of membrane protrusions. One of the key pathways for the stimulation of membrane protrusions is signaling through small GTPase Rac1 (25, 26) . To assess changes in Rac1 activity mediated by regulation of RapR-Src-as2, we used a previously described biosensor for Rac1 (27) (28) (29) . Our studies reveal that activation of RapR-Src-as2 leads to robust stimulation of Rac1 at the cell periphery (SI Appendix, Fig. S10 and Movie S2). Inactivation of RapR-Src-as2 caused fast down-regulation of Rac1 activity that was partially restored at the later time points ( Fig.  2C ; SI Appendix, Fig. S10 and Movie S3). Importantly, the secondary increase in Rac1 activity following 1NA-PP1 treatment occurred concurrently with the increase in protrusive activity ( Fig. 2C and SI Appendix, Fig. S8D ). These data demonstrate regulation of Rac1 by RapR-Src-as2 and show a dynamic correlation between Src-induced changes in Rac1 activity and cell morphodynamics.
To test the role of Rac1-induced protrusive activity, we treated cells with an inhibitor of Rac1 activation, CAS 1177865-17-6 (30) . Rac1 inhibition at the time of Src inactivation suppressed secondary protrusive activity (Fig. 3A and SI Appendix, Fig. S11 ). However, inhibition of protrusive activity did not affect secondary cell spreading that followed transient Src activation (Fig.  3B) . Strikingly, inhibition of Rac1 at the time of Src activation had the opposite effect: protrusive activity was not affected, whereas cell spreading was significantly inhibited (SI Appendix, Fig. S12 ). Inhibition of Rac1 15 min after activation of Src did not have a significant effect on either cell spreading or protrusive activity, suggesting that, during Src activation, Rac1 is needed only to maintain the initial rate of spreading (SI Appendix, Fig.  S12 A and B) . These data demonstrate that Rac1 plays different roles during Src activation and following transient stimulation of Src (Fig. 3C) .
Our data suggest that signaling events upstream of Rac1 control the cell spreading following transient activation of Src. The PI3-kinase/Akt pathway is known to be stimulated by Src and plays an important role in the regulation of cell morphology (31, 32) . PI3-kinase (PI3K) also stimulates Rac1 and membrane protrusions (33) (34) (35) . Furthermore, the PI3K/Akt pathway can induce cell spreading independently of Src (32) . We detected a significant increase in Akt phosphorylation following activation of RapR-Src-as2, indicating stimulation of PI3K/Akt signaling (36) (37) (38) (Fig. 4A) . Cells lacking RapR-Src-as2 did not exhibit changes in Akt phosphorylation after rapamycin treatment, verifying that PI3K/Akt stimulation was specific to the activation of Src (SI Appendix, Fig. S13 ). Akt phosphorylation was not affected by treatment with 1NA-PP1, suggesting that transient activation of Src induces sustained PI3K/Akt signaling following Src inactivation (Fig. 4A) . To elucidate dynamic changes in PI3K activity in living cells, we monitored distribution of the Akt pleckstrin homology (PH) domain upon activation and inactivation of RapR-Src-as2. Previous studies demonstrated that translocation of the Akt PH domain from a cytoplasmic/perinuclear to a peripheral/plasma membrane location indicate the production of phosphatidylinositol (3-5) trisphosphate [PI(3,4,5)P3] generated by activated PI3K (39) . Our results show that activation of RapRSrc-as2 stimulates redistribution of the Akt PH domain from a perinuclear to a peripheral location, supporting our biochemical evidence of PI3K activation (SI Appendix, Fig. S14 and Movie S4). Subsequent inactivation of RapR-Src-as2 leads to transient perinuclear accumulation of the Akt PH domain that is followed by redistribution to the cell periphery (SI Appendix, Fig. S14 and Movie S5). Quantitative analysis of Akt PH domain localization supports this observation (Fig.  4B ) and suggests that transient activation of RapR-Src-as2 is followed by partial reduction in PI(3,4,5)P3 levels that is later restored. Interestingly, dynamics of Akt PH domain localization mirrors changes in cell spreading ( Figs. 2A and 4B) , demonstrating correlation between PI3K signaling and Srcinduced morphological changes.
To test if the PI3K/Akt pathway mediates cell spreading after Src inhibition, HeLa cells were treated with the PI3K inhibitors Wortmannin and LY294002 (40, 41) . Addition of these inhibitors at the same time as 1NA-PP1 dramatically reduced Akt phosphorylation, abolished cell spreading, and reduced protrusive activity after Src inactivation (Figs. 4A and 5 A and B; SI Appendix, Fig. S15 ). These data demonstrate that transient activation of Src induces downstream PI3K/Akt signaling, which mediates cell spreading after Src inactivation.
We also found that PI3K plays different roles during Src activation. Inhibition of PI3K at the time of Src activation prevented A B C Src-mediated cell spreading and delayed stimulation of protrusive activity (SI Appendix, Fig. S16 ). Addition of PI3K inhibitor 15 min after Src activation had no effect on either cell spreading or protrusive activity (SI Appendix, Fig. S16 ). Combined, our data suggest that PI3K plays different roles at three different stages during transient Src activation (Fig. 5C ). At the time of Src activation PI3K is required for stimulation of cell spreading and protrusive activity. Once Src has been active for at least 15 min, PI3K becomes dispensable for Src-mediated morphological changes. Following Src inactivation, PI3K takes control of secondary morphological changes.
Discussion
Our study describes an approach for transient activation of kinases in living cells. This method enables the precise temporal regulation of kinase activation and inactivation. Furthermore, this method allows for control of the duration of kinase activation and identification of optimal conditions for specific kinaseinduced morphological effects. Using this approach, we identified distinct roles for Rac1 and PI3K signaling in mediating morphological changes during Src activation and following its inactivation. By regulating the catalytic activity of Src in complex with paxillin and p38 activity in complex with ATF2, we demonstrated that this approach can be used to induce transient activation of specific signaling complexes. Successful regulation of Tyr kinase Src and Ser/Thr kinase p38 and previous studies suggest that this strategy could be broadly applicable for the regulation of different kinases in living cells. The analog-sensitive approach has been successfully used for more than 80 different kinases from different classes and different species (17) . RapR analogs of six different Tyr and Ser/ Thr kinases have been reported (8) . Importantly, activation and inactivation directly targets the catalytic domain without affecting other functions of the protein (8, 18, 19) . The main components of this system are genetically encoded, and regulation is achieved by using cell-permeable compounds. Our previous studies show that activation of RapR kinases can be achieved using nonimmunosuppressive analogs of rapamycin (8, 18) . Because 1NA-PP1 has very low affinity toward endogenous kinases, this approach will have minimal off-target effects on endogenous signaling pathways (9) (10) (11) (12) (13) (14) (15) (16) (17) .
We demonstrate that this approach for regulation of kinases can be used to dissect dynamics of signaling processes mediated by transient kinase activation. Our studies show that the same signaling component can play different roles at different stages during kinase activation and following its inactivation. Upon Src activation, Rac1 signaling preferentially affects cell spreading but not protrusive activity, suggesting that, at the initial stage of Src activation, Rac1 is more important for establishing cell contacts with the extracellular matrix. This result correlates with previously reported observations of Rac1-independent protrusion formation in MTLn3 and Rac1-dependent focal adhesion formation and migration (42) (43) (44) . Our results show that the function of PI3K is important for Src-induced cell spreading and A B protrusive activity upon Src activation and following its inactivation. However, neither Rac1 nor PI3K activity was critical at later stages during Src activation (15 min), suggesting that prolonged activation can drive morphological transformation independently of Rac1 and PI3K. This is in agreement with previously reported studies showing that inhibition of PI3K signaling does not block v-Src-induced transformation (45) . A different report suggests that Rac1 activity is required for v-Srcmediated transformation (46) . However, in these experiments dominant negative Rac1 was cotransfected together with v-Src, supporting our evidence that inhibition of Rac1 at the time of Src activation suppresses Src-induced morphological changes. Overall, our studies show that engineered control of kinase activity for finite periods of time provides opportunities for dissection of phosphorylation-mediated signaling in living cells.
Materials and Methods
DNA Constructs. RapR-Src-cerulean-myc (19), GFP-FRB (8), and RapR-p38α (8) have already been described. Rac1-FLARE and the control plasmids expressing Y-PET and Turq (29) were gifts from Klaus Hahn, University of North Carolina, Chapel Hill, NC. HA-Akt1 construct was a gift from John O'Bryan, University of Illinois-Chicago, Chicago. PH-AKT-mVenus was generated from PH-Akt-GFP, a gift from Wonhwa Cho, University of Illinois, Chicago. Flag-ATF2 (a gift from Bruce Cuevas, Loyola University, Chicago). The cerulean-N1 vector is from AddGene (#54742). Adenoviruses for expression of RapR-Src-as2-Cerulean and iPEP-GFP(Y66S)-FRB were generated at Vector Development Core, Loyola
University. Generation of all other DNA constructs is described in detail in SI Appendix, SI Materials and Methods. 
